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We have employed Langmuir monolayers of highly asymmetric polydimethylsiloxane-polystyrene
(PDMS-PS diblock copolymers on dioctyl phthalat®dOP) at temperatures ranging from 22 to

—35 °C as a model system for tethered chains in poor solvent conditions. The thicknesses of the
tethered PS layers extending into the DOP subphase, measured by neutron reflection, decrease with
decreasing temperatuf@) over this entire range. However, the variation wittbecomes weak

below —20 °C. At the lowestT, the layer thicknesses are 55%—-75% of the values at the theta
condition (T,=22 °C). The contraction of the layer with decreasing determined as a function

of surface density and molecular weight, and these data are compared to universal scaling forms.
The PS segments are depleted from the near surface region over theTendinge, with the
thickness of the depletion layer increasing slightly with decreagirihe free energy of the surface

layer is probed by surface tension measurements. With decreéggsirgative surface pressures are
observed at low coverages for both PDMS-PS and PDMS monolayers, indicating metastability
toward lateral phase separation. Evidence for a transition from a dispersed phase to a condensed
phase with decreasingwas observed in the reflectivity for very low PDMS-PS coverage. At high
coverage where the submerged blocks are strongly interacting at 22 °C, only a modest decrease in
surface pressure is observed over the experimental rangjele$pite the strong contraction. This

latter result is discussed in terms of the relative contributions of enthalpic and entropic effects to the
surface pressure. @999 American Institute of Physids$S0021-960609)51501-§

I. INTRODUCTION with decreasing solvent quality, the lateral phase behavior,
and the free energy within the tethered layer.
Polymer chains which are fixe@r tethered by one end The behavior of tethered chains in poor solvent condi-

to a surface or interface have been extensively investigatebns has been addressed theoretically by scélthg,
in recent years™* On the practical side, they are a useful analytic® and numericat~® self-consistent field(SCP
means of modifying surfaces to control adhesigmrotein  calculations, the random phase approximation combined
adsorptiorf, or the attraction between colloidal particieky  with a numerical mean-field analysisa single-chain-mean-
addition, they are an interesting system for examining thdield (SCMF) statistical mechanical approatf*® and
physics of polymers in confined geometries, and the balancklonte Carlo (MC)*"~2° and molecular dynamic§MD)

of enthalpic and entropic contributions to the free energysimulations’® An important distinction in these studies is
Such layers can be formed or employed in a variety of soluwhether the tethering points are fixed or have mobility in the
tion conditions and geometries. This article concerns plangplane of the surface, as this plays a critical role in the lateral
layers of tethered chains in solvents whose solvating powgphase behavior. A further point of distinction for the case of
is poorer than the theta condition. It is now recognized thafixed tethering points is whether the tethering points are ran-
with decreasing solvent quality, important changes in segdom or regulat-31417

ment density distribution can occur both normal and lateral  The case of fixed tethering points was initially treated by
to the tethering surface. This behavior can contribute to thecaling"® and analytic SCF method$ These approaches as-
understanding of certain features of biological systems, suchumed lateral uniformity within the layer, and addressed
as protein folding. Solvent quality can be varied eithervariations in the free energy and the segment concentration
through the choice of solvent or by changing temperaturerofile normal to the surface. The principal focus was the
(T). The present study employs the latter method. The maimature of the contraction of the layer with decreasing solvent
points of focus are the manner in which the layers contractuality, and how the dependence of layer height on solvent
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quality varies with surface density). Two limits were dis- desorb on experimental time scales. Auetyal,, examined
cussed. The contraction of isolated, noninteracting tethereBDMS chains end grafted onto silica particles by neutron
coils is expected to be analogous to the contraction of frescattering. The layers were grafted over a wide range of sur-
chains in dilute solutio”?=2* On the other hand, in dense face density £ ~4—27). They examined the tethered layers
layers, the above approaches showed that interchain interaic- methanoknonsolvenk, acetonépoor solveny, in mixtures
tions shift the contraction to lower temperatures and broadenf methanol and dichlorometha®CM, good solvent and

the temperature range. Numerical SCF and simulation studbver a range of temperature in styrerg, bpys=30 °C). In

ies have addressed the behavior between these twuoethanol, a very dense, nearly fully collapsed layer was ob-
limits.13171821For real chains, the contraction is expected toserved with average PDMS volume fraction of 0.84. In ac-
be continuous for all surface densities due to their finite moetone, a slightly better but still poor solvent, the same layer
lecular weight. The degree of interaction among the tetheretlad an average PDMS volume fraction of 0.64. For the
chains can be compared for different molecular weights usmethanol-DCM mixtures, the situation was complicated by a
ing a reduced surface dens@(=cerfJ whereRy is the  nonuniform distribution of solvent within the tethered layer.
dilute solution free chain radius of gyration The expansion of the layer was not linear with increasing

Various theoretical studies have addressed the later@CM weight fraction, but rather most of the expansion oc-
structure as well as the contraction normal to thecurred over a fairly narrow range of compositi@5%—80%
surfacet*~2! For chains with fixed tethering points, Lai and DCM). The transition was much broader at lower surface
Binder originally showed by MC simulation that a decreasedensity. This latter result is contrary to expectation, and was
in solvent quality leads to lateral fluctuations in segmentattributed to preferential solvation. In styrene, they reported
density’’ A similar effect was subsequently observed in MD a linear variation of layer thickness wifh over the entire
simulations by Grest and Murat.Yeunget al. studied this range of reduced temperatureg=(T—T,)/T, whereT, is
effect by combining a numerical mean-field analysis with thethe theta temperatuférom 0.11 to—0.17. Little detail was
random phase approximatidhThey found that the fluctua- obtained about the profile, as a single step model was used in
tions are restricted to the outer edge of the layer for highethe analysis of the scattering data.
molecular weights and surface densities, but exist throughout Karim et al. used neutron reflectivity to study PS chains
the thickness of the layer at lower surface densities and meend-grafted onto silicon and immersed in cyclohex&hEhe
lecular weights. This was subsequently confirmed by 2D nuéetailed form of the profile was examined for temperatures
merical SCF calculations Williams used a scaling ap- ranging down to 9.5 °C4=—0.09). The layer was grafted
proach to address the regime of moderate grafting densitiest relatively high surface densitg.&17). They found good
(between isolated chains and the strong-stretching)limit agreement with the analytic SCF profile of Zhulieiaal ° at
the nonsolvent limif® Kinetic effects were considered for T,. In particular, the decrease in segment volume fraction
the case of a rapid change in solvent quality. In particular(¢) with depth(2) in the body of the profile followed the
surface micelles were predicted for a sudden decrease in sdlinctional forme(z) = ¢o[ 1— (2/L,)?]Y, with an exponeny
vent quality and chains of sufficiently high molecular weightof 1/2. At 9.5 °C, the maximum volume fraction was 0.47,
that they are unable to disengage and become isolated pristill far from that of the fully collapsed state. The profile
to aggregation. exponenty seemed to be leveling off at the loweBtat a

For chains with tethered ends which are mobile, as in theralue of roughly 1/3. No depletion layer was observed, but
present experimental system, a lateral phase transition int@ther the dangling chains collapsed onto the surface. The
polymer-rich and polymer-poor phases is predicted. Detailednagnitude of the tail of the profile decreased with decreasing
isotherms and phase diagrams including regions of metastd= A sigmoidal shape was obtained for the contraction of the
bility have been calculated by Szleifeet al>!%'® The tail with 7, which indicates swelling analogous to that for
present data will be discussed with respect to this lateradlilute free chains. The main body of the profile was reported
phase transition, in addition to the contraction normal to theo swell in a different manner than the tail, being more like
surface. that observed for crosslinked gels.

Previous experimental work on tethered chains in poor  The lateral structure of tethered chains in poor and non-
solvent conditions can also be distinguished by the mode ofolvent conditions has been examined by atomic force mi-
tethering. Perahizt al. examined PS chains which were croscopy(AFM).33-*Tethered chain systems have been im-
weakly tethered to silicon via an adsorbing zwitterionic endaged in small molecule liquids and also in air. The results
group?® The tethered layers were immersed in cyclohexanéndicate lateral heterogeneity at low and intermediate surface
(T,=34°C). As a consequence of the weak anchoring en-density. Images show a nearly uniform appearance at high
ergy, the surface density of adsorbed chains varied with tensurface density. Isolated single chains are observed at very
perature. The analysis focused on the equilibrium betweelow surface density. It is not clear whether AFM can resolve
chains in the bulk and in the tethered layer. At high bulklateral heterogeneity occurring only in the tip of an otherwise
concentrations, a wetting layer of adsorbed chains wasniform brush, as predicted for high density by Yeung
present in addition to the tethered layer. et al* Also, the value ofr at which lateral aggregation be-

The case of chains which are strongly tethered to a surgins to occur when the solvent quality is decreased below the
face with fixed tethering points has been examined by Auroytheta condition has not yet been establisffed.
et al,?”? Karim et al,?**° and more recently by Gallagher Below we report results for a system in which polymer
et al,>! and Bakeret al®? In this case, the chains do not chains are strongly tethered to a surface, such that they do
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not desorb, but yet have mobility in the plane of the surface.

This system is composed of Langmuir monolayers of highly Surface Pressure —
asymmetric polydimethysiloxane—polystyreteDMS—-P$ éQ"“‘ZWI;:g;Sngh \{ﬁ%‘}ermometer
diblock copolymers on the surface of an organic liquid. The —__|} | Plexiglas Cover

PDMS block anchors the copolymers to the surface due to [Neuron Copper

the low surface energy of PDMS relative to that of the sub- l‘je:‘f“ 2 Sunptase) a8
phase liquid, while thdfully deuteratedl PS block dangles Elotmonts Thermostated Copper Base =
into the subphase liquid. The segmental concentration profile ) hermosat

of the d-PS block is examined by neutron reflection. The . .

. . . FIG. 1. Schematic diagram of the temperature-controlled Langmuir trough
neutron scattering length density of the PDMS block iSyseq in the neutron reflection experiments.
nearly matched with that of air, such that this block does not
affect the reflectivity. The copolymers are sufficiently asym-
metric such that interchain interactions occur nearly entirehamine the variation in surface pressure with decreaging
through the PS blocks. Using such systems, we reported prérder to gain insight into enthalpic and entropic contributions
viously on the structure and free energy of monodispersetp the free energy in layers of interacting tethered chains. In
tethered chains in good and theta solvent condifiGi8and ~ our previous work involving good and theta solvent condi-
in solutions of free chain&*2the surface rheological prop- tions, the maximum attainable surface density was limited by
erties of tethered chains in a good solv&tand the structure @ sharp rise in surface pressure caused by the interactions of
of tethered layers with bimodal molecular weight the submerged blockE:* The origin of this sharp rise in
distributions** pressure has been puzzling, and remains an important focus

In the present report we examine the poor solvent regim@f the present report.

using dioctylphthalat DOP) as the subphase liquid. The The article is organized as follows. Following a descrip-
theta condition for PS in DOP occurs at 22%CThe acces- tion of the experimental details, the results are presented in
sible range of temperature with this system is ultimately lim-two sections. In Sec. lll A, we describe the form of the seg-
ited by the freezing of DOP at50 °C. We have examined Mental concentration profile normal to the surface. We report
the structure of the tethered layer from 2285 °C, corre-  the contraction of the layer with decreasiidor a range of
sponding to a range affrom 0 to —0.25. This range extends Potho andM. In Sec. Il B, we present the surface pressure
much further belowT, than in previous studies. Another isotherms for PDMS—PS and PDMS monolayers as a func-
distinctive feature of the present system is that the surfacon of T. In Sec. IV, which is divided into the two corre-
density and molecular weight can be varied independentlysPonding sections, the data are discussed in light of previous
allowing a rigorous test of scaling relations. Our previous€xPerimental and theoretical work. The article concludes
work has shown that the asymptotic strong stretching limit jgVith @ brief summary of the most important conclusions in
not achieved in good or theta solvents within the range oPec. V.
surface density accessible to this syste¥=(1—-12). Thus,
the present study addresses the intermediate surface density
regime between isolated tethered chains and dense brushds EXPERIMENT
The surface tension of DOP is far lower than that of PS fora. Materials

the entire range of temperatures examined, thus the air sur- _ . :
The two PDMS-PS diblock copolymers used in this

face is repulsive for the danglinds PS blocks. The strongly
repulsive nature of the interface for the dangling block is aStUdy are denoted 20170 and 28-330, where the labels rep-

further important distinction from previous work. Another resent the moleculgr weightin kg/mo)) of the PDMS and
study of a Langmuir diblock copolymer monolayer systemPS blocks, respectively. The PS blocks are fully deuterated.

) . ! These samples were described in a previous répoi.
Lré\é(;I;]/;lr;gea polyelectrolyte dangling block has been reportedPDlvIS homopolymer(25 800 g/mol,M,, /M =1.03) used

In addition to examining the structure of the layer nor- for isotherm measurements was purchased from Polymer

H 47 N .
mal to the surface by neutron reflection, the interaction Standards Servicg=RG).™ Dioctyl phthalate was obtained

amond the copolvmers within the monolaver and the Iaterjrom Aldrich and further purified before use following the
g poly y method outlined by Balsarat al*® Chloroform obtained

phase behavior are examined through surface tension meg- . . :

rom Aldrich was used as received for spreading the copoly-
surements. The surface pressufé= y,— y, wherevy, and

mer monolayers.

v are the surface tensions of the pure solvent and monolayer-
covered surface, respectivglis related to the free energy
(F) of the monolayer byI=—(dF/JdA), 1 p, whereAis the
surface area and is the number of copolymer molecules.
We examine the increase in surface tension with decreasing A schematic diagram of the Langmuir trough used in the
temperature for pure DOP, and for DOP surfaces with PDMSheutron reflectivity study is shown in Fig. 1. It has internal
and PDMS—-PS monolayers. At lower coverages, negativdimensions of 75 mm152 mmx4 mm, and was con-
surface pressures are observed with decreasing temperatusgructed from a solid Teflon block. Beneath the liquid the
which indicate metastability toward lateral phase separationleflon was very thin, approximately 0.3 mm, which facili-
At higher 3, only positive pressure is observed, and we ex-tated heat transfer. To minimize temperature gradients within

B. Procedures
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the liquid and at the air surface, a Plexiglas cover was placetll. RESULTS
over the trough. The cover contained 2-mm-thick quartz win-, Segmental concentration profile
dows for the neutron beam, and openings for a thermocouple o
and the surface tensiometer. The latter was mounted on the Reflectivity data from the copolyﬁmer monolayers over a
top of the Plexiglas cover. The trough was bolted to a coppef@n9€ of temperature from 22 t635 °C are shown in Figs.
plate and was cooled by three thermoelectric Peltier elemen@@—2(d). Data for two surface densities for the 20-170
(Melcor). One face of each element was in contact with aCOPClymer are shown in Figs.(@ and 2b), and for the
thick copper block through which a cooling fluid was circu- 28_332 co;;olymer n E|gs.(2)_anrc]i Zd)i T?e (?jataﬂare-e-x—
lated. The second face of each Peltier element was in contalc>>° aR/Rg vs g, whereR, Is the caicu ated re ?Ct'v'ty
: . rom the bare DOP surface and= 47 sin /A where@is the
with the copper plate attached to the trough. A thin layer o angle of incidence and is the wavelength. Data for different
hermally conductive grease was applied between all sur- 9 . gmh. e
:aces inycontact to aid heat transfer. The entire setup w temperatures have been shifted on the vertical scale for clar-
. ) . ) . . With decreasing temperature four general trends are ob-
enclosed in a canister which was purged W'.th dry argon Qerved in the data: an increaseRMR,, a shift of the maxi-
remove water vapor. Amorphous quartz windows, 2 MMyum to higherqg values, a broadening of the peak, and the

thick, were mounted in the side walls of the canister to allowemergence of a minimum following the initial peak. No

for passage of the neutron beam. During the reflectivity meag jation in reflectivity is detected over this temperature
surements, the s_urface pressure was measured with a N”V'l%nge for the bare DOP surface as shown in Fig).2

model 9000 tensiometer using filter paper. We note thatthere e curves through the data in Fig€aR-2(d) are best-
was negligible variation in surface pressure during the periogits corresponding to the-PS volume fraction profiles in

in which the reﬂectiVity was Collected\‘?J h) The canister F|gs aa)_s(d) The empirica| functional form used in the
was placed on an active vibration isolation table to reducgitting is composed of a depletion layer, followed by a step of
external vibrations. The temperature of the subphase wagonstant¢, followed by a smooth decrease it over the
measured by a thermocouple inside a stainless steel tubhemainder of the profile. The rise to the step and the decrease
which was submerged in the liquid. The lateral and verticafrom the step are both modeled by Gaussian functions. This
variation in temperature measured at 5 (i@ watep were  model profile is the simplest form we were able to find which
less than 0.2 and 1 °C, respectively. describes the data over the entire ranger@nd T.

For the reflectivity experiments, the copolymer mono- A depletion layer is present at dllando. We define the
layers were spread from dilute solution in chloroform, a mu-magnitude of the depletion layer as the distance from the air
tual good solvent for PDMS and PS, using a Hamilton mi-surface to the leading edge of the step. Over the experimental
crosyringe. Just prior to spreading the monolayer, the bartemperature range, the depletion layer increases from 47 to
DOP surface was aspirated to remove surface active impurf5 A for the 20—170 copolymer at the higherand from 57
ties. Reflectivity measurements were performed on the NGfo 81 A for the 28-330 copolymer at the higher The
reflectometetNIST). A fixed wavelength of 4.1 A was used. Vvariation is somewhat smaller for the monolayers at lower
The treatment of the data was the same as in our previod§creasing from 42 to 52 A for the 20-170 copolymer, and
report for theta condition® In the analysis of the reflectivity from 63 to 73 A for 28-330 copolymer.

data, the roughness at the air interface was fixed at 3 A. The We note that the reflectivity data can be fit without a
neutron scattering length densities dfPS, PDMS, and depletion layer if very large roughnesses at the air surface are

DOP are 6.4810°° 0.064<x10° and 0.6X10°8 A2 re- included in the model profiles. For the highemonolayers,
spectively. The copolymer surface density was determineﬁUCh roughness values range from 16 to 21 A for the 20-170

by integrating the profiles obtained from the reflectivity. copolymer and from 19 to 28 A for the 28330 copolymer

. over the experimentdl range. These values are much larger
Surface pressure isotherms for PDMS homopolymer

) . than can be accounted for by the surface PDMS block, and
were measured as a function of temperature in the same

trough. The surface density was determined from the Volumappear to be unphysical. These data, together with the depen-

f solution d ited onto th ; To determi ¢ encies ono and M at T, discussed previousiy, provide
orsolu |0r_1 epositec onto the sur a.C(_a.. ode e.rmlne su.r aCgtrong support for the conclusion that a depletion layer is the
pressure isotherms far<22 °C, an initial quantity of a di-

. . . correct interpretation.
lute solution of PDMS in chloroform was deposited onto the 1.4 contraction of the layer normal to the surface is

surface at 22 °C. The chloroform was allowed to evaporatgmaath for bothr values of each copolymer monolayer. The
and then the trough was slowly cooled. The surface tensiofgriation with T of the rms layer heighti(,,o and the maxi-
was recorded when the system stabilized at each desired tefym volume fraction ¢,,) are given in Figs. @) and 4b),
perature. Following measurement at the lowest temperatur@ormalized by the values at,. Over most of theT range,
the trough was allowed to warm to 22 °C. An additional there is a Strong dependencems and ¢m onT. However,
quantity of PDMS was then deposited and the process waselow —20 °C (r=—0.17) the profiles become only weakly
repeated. A hysteresis in the surface tension was observeépendent off. The decrease Of s/ Nims 9 With |7 depends
for both PDMS and PDMS—PS monolayers as the temperasn bothe andM. For fixedM, there is a greater reduction in
ture of the trough increased from the lowest value. Howeverh, .., and a greater increase i),, for highero. At fixed o,
the surface tension during the cooling cycle was reproducibléhe contraction is stronger for highdf. In Figs. 4c) and
following a delay period of-12 h after warming to 22 °C.  4(d), the data for the layer height are plotted according to the
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1 FIG. 2. Reflectivity data over temperatures ranging from 22 T¢) (to
3 —35°C for (@ 20-170, o=1.7x10"* A2, (b) 20-170, 0c=5.8
X107 °A72, (c) 28-330, 0=1.2x10* A2, (d) 28-330, 0=5.2
x1075 A~2. Curves for different temperatures have been shifted on the
g vertical axis for clarity. Actual temperatures are given in Tablés).Re-
flectivity from the bare DOP surface at 22 (@) and at—30 °C (+).

scaling relations predicted for the asymptotic strong stretchmonolayers with decreasing temperature was observed for
ing limit'® and the isolated chain lim#:2*“°respectively. In  the series in Fig. 2. The surface densities, obtained by inte-
Fig. 4(e) the data are plotted according to the scaling relagration of the fitted profiles, are given in Table I. No varia-
tionshiph,ms/hims g @ 7/ ¢, Whereg, is the volume fraction  tion of surface density witf is observed for the lower sur-
of segments within the layer at,. For a tethered layekp, face densities. A small apparent incregsé&%) is observed
can be approximated by, /hyy,sy Where hy,y is the dry  for the 28-330 copolymer at the higher surface density,
thickness obtained by integrating the segment concentratiowhich may be due to limited accuracy of the model func-
profiles. This relationship, based on an analogy to lightlytional form used in the fitting. The lack of variation of sur-
crosslinked polymer gef® adequately described the data of face density withT is consistent with the strong anchoring of
Karim et al3® The comparison of the data with these scalingthe copolymers to the surface. The anchoring energies per
relations will be discussed further in Sec. IV A. chain, determined from the interfacial tensions, for the 20—
The profiles obtained below 20 °C are still quite swol- 170 and 28—330 copolymers on DOP at 22 °C are 200 and
len with solvent compared to the fully collapsed state 0b-266 kT, respectivel§°
served for nonsolvent conditioR$:*! The profiles at the
lowestT for both surface densities for the 20—170 copolymer
are compared in Fig. 5. The variation of the surface tension with temperature is
Finally, no evidence for loss of copolymer from the plotted in Figs. 6a) and 6b) for the 20—170 and 28-330

B. Surface pressure
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FIG. 3. Best-fit profiles corresponding to the curves through the data in Fig. 2aj020—170,0=1.7x10"* A~2, (b) 20-170,0=5.8x10"° A~2, (¢
28-330,0=1.2x10"* A~2, (d) 28-330,0=5.2x10 ° A2,

monolayers, respectively. These data were obtained simult&red upon reheating to 22 °C. The decrease in reflectivity
neous with the reflectivity data of Fig. 2. Similar data for the with decreasing was entirely absent for the ranges of Fig.
PDMS monolayer-covered DOP surface are shown in Fig2, but occurred repeatedly for lower We would also expect
6(c). The variation for the bare DOP surface is also shown ima vanishing pressure to accompany a transition from dis-
Figs. Ga)—6(c) for comparison. The surface tension in- persed to aggregated chains. However, for the present system
creases with decreasifgfor all surfaces, but the increase is the pressure in the dispersed state near the transition was too
greater for the monolayer-covered surfaces than for the balew to detect with the present transducer.
DOP surface. Consequently, for low surface coverages, the Surface pressure isotherms for the two block copolymers
surface tensions of the monolayer-covered surfaces exceede compared to the isotherm for PDMS homopolymer at
that of the bare DOP surface at the lowest temperature22 °C and at—30 °C in Figs. 8 and 8b), respectively.
resulting in negative surface pressures. Negative pressurésterestingly, at 50 °C below the theta temperature, only a
are observed for both PDMS—PS and PDMS monolayeranodest reduction in pressure is observed relative to thbj at
although the absolute magnitudes are much greater for thfer the highero values.
copolymer monolayers.

A negative surface pressure indicates that the surface i¥. DISCUSSION
metastable towards lateral phase separation. Indeed, eviden&e s | . il
for a transition from a dispersed phase to a condensed phase egmental concentration profile
with decreasing temperature was observed doslightly In good solvent conditions, interacting tethered chains
lower than the ranges in Figs(é#s and &b). This evidence stretch normal to the surface to reduce unfavorable segment—
was in the form of a dramatic decrease in reflectivity withsegment interaction’s**°The degree of stretching is limited
decreasingl. An example of this is shown in Fig. 7. For by entropically-based chain elasticity. At sufficiently higher
comparison, the inset in Fig. 7 shows data from Fih)2 o, the dimension of the tethered layer scales linearly With
obtained for the same copolymer at a slightly highefin-  With decreasing temperature/solvent quality, the unfavorable
dicated by the greater maximum R/R, at 22 °Q. In the  segment—segment interactions become weaker, and the de-
inset the reflectivity increases with decreasihgdue to the gree of stretching is reduced. At,, the dimension of an
contraction of the tethered layer. On the other hand, the desolated tethered chain scales with'?, as for a random
crease in reflectivity with decreasifigobserved in the main walk chain. However, stretching still occurs in strongly in-
figure apparently indicates a dispersed phase/condenséeracting tethered layers due to higher order interactions, and
phase transitio”' The original reflectivity curve was recov- the tethered chain dimension still scales linearly withat
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FIG. 4. Variation of(a) rms layer heighh,s and(b) maximum volume fractionpps max0f the segment concentration profile with reduced temperatéoe

the 20—-170 copolymeiopen symbolsand the 28—330 copolyméfilled symbols. In each case, circlesquaresrepresent lowethighep surface densities.

The profile becomes weakly dependent®helow —20 °C (r=-0.16). In (b), the error bars are comparable to the size of the symbolData forh,,s

plotted according to the scaling prediction for the asymptotic limit of strongly stretched ch&ing ). (d) Data for h,, plotted according to the scaling
prediction in the limit of isolated chainsi(<1). The strong dependence Bnat T, is due to the stretching of chains within the interacting tethered layers.
The dependence an decreases with decreasifigAt the lowest temperatures, the data approach the scaling predicted for the isolated chain limit. However,
the inset shows that the dependence on temperature is somewhat weakgy,tlafr| ~ 2 predicted for isolated free chains in the collapsed regi@eData

for h,,s plotted according to a scaling prediction derived by analogy with the swelling of lightly crosslinked gels.

sufficiently higho.1%?! Below T,, segment—segment inter- For the present system, the surface energy of DEIFS
actions become increasingly favored relative to segment-dyn/cm“® is much lower than that of the PS segmef8.7
solvent interactions. Tethered chains contract further in ordedyn/cm),®? and therefore the maximum in segment concen-
to minimize interaction with the solvent. In the nonsolventtration occurs at a depth below the surface, rather than at the
limit, previous work has shown that end-grafted tetheredsurface. Indeed, the depletion layer appears to increase as the
chains in low molecular weight liquids collapse to nearly temperature decreases beldy. The relationship between
melt density?’*! However, the magnitude dff at which  the segment—surface interaction and the segment concentra-
such nonsolvent conditions are reached has not been estdisn at the interface has been examined in detail
lished experimentally. theoretically*®and through MD simulation: The present
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FIG. 5. Comparison of the best-fit profiles at the lowest temperatures of this . ; ; : . ;
study for the 20—170 copolymer atof 1.7X10° % A=2 (T=-35°C) and - a6 F ]
5.8x10°° A2 (T=-30°C). g
E 34 I u
2
observations of a depletion layer for a chain tethered to a g a2 | g
repulsive surface, and the increase in its size with decreasing'g
T, are consistent with the results of these studies. In contras 30 [ 1
to the present case of a repulsive surface, a maximum in the §
segment concentration is predicted at the surface for an at“g 28 T T
tractive segment—surface interaction. @
The profiles in Fig. 2 differ considerably from the pro- 26 40 30 .20 10 o o 20 30
files reported by Karinet al. for PS end-grafted onto silicon o
and immersed in cyclohexai@ i temperature ("C)
yclohexaremost notably in the presence
of a depletion layer. This is likely due to a different : : : : : :
segment-surface interaction in the two cases. In the syster= 36 T
of Karim et al, there is a mild attraction between the PS & a4 [ .
block and the silicon substrate, and correspondingly the%, a0 ]
maximum in segment concentration occurs at the silicon ox-~ 0 | |
ide surface. The higher surface density in their case may als<§ 28 1
£
2 26 | .
¥
TABLE I. Surface densities obtained from integrating the profiles in Fig. 3. & 24 - - E
o A
Sy
Surface density 2 22 N
Copolymer T (°C) Integral () (107* chains/ &) 20 . . : : . .
-40 -30 -20 -10 0 10 20 30
20-170 22 41.6 1.67 (© temperature (°C)
-1 43.3 1.74
-10 40.9 1.66 FIG. 6. Variation of surface tension with temperature far 20—170 on
-15 41.2 1.78 DOP ato of 5.8<10°% A2 (@) and 1.%10™* A~2, (M), (b) 28—330 on
—25 43.2 1.74 DOP atg of 5.2x107° A2, (@), and 1.<107* A~* A~2, (m), and(c)
—34 44.3 1.65 PDMS on DOP ato of 5.0x10°°A~2 (@), 1.3x10°*A~2 (+), 2.0
—4 -2 —4 -2 — 4 -2
20-170 -~ 146 0.588 ><1074 A,Z (#), 2.8<104A"2 (V) 38x10*A (4), 76
5 142 0572 x107* A~2 (W). In (0), the error bars are comparable to the size of the
’ ' symbols. Data are also shown for the bare DOP surfédc@dor compari-
-15 14.3 0.576 on
—-20 14.4 0.580 '
-25 13.7 0.551
-30 14.6 0.588
28-330 22 56.6 1.12 contribute to the lack of a depletion layer. However, based
0 58.6 121 on numerical SCF calculations, the effect of surface density
—10 59.9 1.23 on the depletion layer is expected to be weak over this
-20 61.6 1.27 12,53,54
-30 62.2 1.28 range.
35 601 124 The contraction of the tethered layer with decreasing
temperature is continuous over the experimental rangg. of
28-330 %2 2i552 ooé%%sg This observation is consistent with the data of Augtyal 28
0 Y 0.509 and Karimet al?*°for tethered chain systems at highgr
~30 26.2 0.540 and also with the contraction of free chains in dilute

solution?®%°-%8 The contraction of a tethered layer is pre-
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(O). Reflectivity at—30 °C is signifi-
L : . . ) cantly decreased relative to that at
0 001 002 003 004 005 006 22 °C. This decrease in reflectivity is
q &Y interpreted as indicating a lateral
phase transition. Inset shows reflectiv-
ity for the same copolymer at a
. E{:]D = slightly highero of 5.8x10° % A2 at
P o 22 °C (@) and —30 °C (OJ). For this
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dicted to occur over a broad temperature rangefierl due  4(d). In this figure the rms layer heights are normalized by
to interchain interactions within the tethered layer, but tothe rms layer height aT, for 2 <1. This representation
occur over a much narrower temperature rangeXer1.1°  shows that the layers are stretched normal to the surface at
This expected trend is not apparent in Fig&)4and 4b).  T,, due to interactions between the chdifislowever, as
The values ofX for the four experimental series at 22 and the temperature decreases the chains contract and the degree
—30 °C are given in Table R° For all series except 20—170 of chain overlap decreases. Correspondingly, the dependence
at low o, the chains are well into the interacting regime aton 3 diminishes. At the lowest temperatures, the data ap-
22 °C. While the data cover factors of 280—170 and 2.4  proach the universal scaling predicted for collapsed isolated
(28-330 in X at 22 °C, these ranges are apparently too smalthains in a poor solvent. The remaining small dependence on
to observe a narrowing of the temperature range of the corX is likely due to the fact that the noninteracting regime is
traction with decreasin@.. The contraction is in all cases not quite reached at the loweBtfor the higher>, monolay-
significantly broader than that for dilute 2000 kg/mol free PSers.
chains in DOP reported by Stepanekal® The isolated The dependence df,, on 7is very weak at the lowest
chain limit could not be examined in detail due to lateral 7 values. This indicates that the systems are in the collapsed
phase separation discussed further below. However, the datagime. The dependence is somewhat weaker than
for the 20—170 copolymer at the lowerapproach this limit, h,m«| 7|~ predicted for free chains in dilute solution, as
as indicated by the fact that no stretching is observeti;at shown in the inset to Fig.(d). The difference is beyond the
for this monolayeffFig. 4(d)]. For this case, the contraction experimental error. Error bars indicating the uncertainty in
occurs over the samg range as for the strongly interacting the rms layer height are shown in the inset. Uncertainty in
monolayers. the temperature must also be considered, as the monolayer
The decrease df,,,s/hims ¢ With |7 depends upon bottr ~ may experience a slightly different temperature than is mea-
and M, as observed in Fig.(d). These data can be consid- sured by the thermocouple immersed in the subphase liquid.
ered with respect to two limits. First, the data clearly do notHowever, we estimate this error to be less than 4 °C at the
follow the dependence predicted for the asymptotic strondowest temperature¥,which is too small to account for the
stretching limit, as demonstrated in Figch This is ex- discrepancy in the inset of Fig.(d. Karim et al. also ob-
pected, since our previous work has shown that this limit isserved a weakening temperature dependence with decreasing
only reached fo2>11 atT,, beyond the accessible range T below T, although the effect is less pronounced as their
of 3, for this system. Moreove, decreases with decreasing data cover a more limited range af®
T as the dangling PS chains contréste Table . In Fig. 4(e) the data are compared with the scaling rela-
More revealing is a comparison with the other limiting tion hyns/hims g @ 7/ ¢4 Which is based on an analogy with
case, that for isolated, noninteracting chaiis<(1). In this  the swelling of lightly crosslinked gef8:*? Application of
limit the contraction of the layer is expected to be analogoushis relation supposes strongly interacting tethered systems,
to that of free chains in dilute solution. For isolated freebut does not require that the tethered layers be in the strongly
chains Ry/Ry 4 is a function of |r|M1/222-2449.55-58or  stretched asymptotic regime. Following Kariet al®® we
7<0, Ry/Ry ga (|7IM¥?) =3 which is termed the “col- evaluatedh,,s and hg, directly from the experimental data.
lapsed” regime, although the chains may still be quite ex-Karim et al. observed good agreement with this scaling rela-
panded relative to the fully collapsed, nonsolvent limit. Thetion for several molecular weights ranging from 8.5 to 105
present data are compared to this limiting behavior in Figkg/mol. Our data do not conform to this scaling relation, as
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- 8 T T T T T TABLE Il. 3 values indicating degree of chain overlap.
£
% . i Copolymer 3 at 22 °C (r=0) 3 at—30 °C (r=—0.21}
>
) 20-170 2.6 1.3
® ’ 20-170 7.6 3.8

4 F .
a * 28-330 4.5 1.9
§ 28-330 10.7 4.4
=7 2 B
8 “Reference 59.
]
- S
w

1 1 L

sistent with that observed by Karigt al,, considering that a
0.0 0.5 1.0 15 2.0 slightly greater contraction is expected in their case due to
PDMS surface concentration (mg/m?) the higherX. Auroy et al. observed a contraction of the teth-
ered layer to 65% of that af, at =—0.15 for M
=166 kg/mol chains ¥=27 at Ty). In Fig. 4 we find
Nyms/Nms 9~ 0.55—0.65 at-= —0.15 for the two highest sur-
face densities. The magnitude of the contraction is compa-
rable, although greater contraction is expected in their case
due to the highel. A precise comparison is limited by the
fact that the tethered layers are composed of different poly-
mers in the two cases. Regarding free chains in dilute solu-
tion, quite a range of contraction has been reported for dif-
ferent systems, includingRy/Ry 4=0.67 at 7=—0.07 for
, , , , , , poly(a-methylstyreng chains with M =1400 kg/mol in
o0 o5 o s »o cycl_ohexf';me:’,8 Ry/Ry 4=0.38 atr= —60.10 for polystyrene
®) PDMS surface concentration (mg/m?) chains withM =2Q00 kg/mol in DOﬁ,_ Ry/Rg,6=0.85 atr
= —0.02 for PS withM = 8600 kg/mol in cyclohexan® and
FIG. 8. Surface pressure isotherms for the 20—l and 28—330(®) Rgleﬁ: 0.80 atr=—0.03 for PS withM =4600 kg/mol in
block copolymers and PDMS homopolyreplid line) on DOP atia) 22°C ~ methyl acetaté Direct comparison of these data with the
and(b) —30 °C. The isotherms were calculated from the data in Fig. 6. present data is difficult due to the highdrused in the free
chain studies. We also note that the free chain studies were
conducted on the low concentration side of the critical point,
whereas the present systems are on the bigtide of the
critical point (discussed beloyw Nevertheless, a feature in
present data is lower than in the study of Kargmal. The  common among all these studies is that at the lowest tem-
maximum value of in the study of Karimet al, (~17)is  peratures the chains are still quite expanded relative to the
roughly 50% greater than the maximum value in the presenfyly collapsed nonsolvent limit. Due to the very weak tem-
study (10.7. The analogy to a crosslinked gel requires thatperature dependence in the collapsed regime, it appears to be
the tethered layer remain well into the interacting regimeimpractical to reach the nonsolvent limit by cooling below
over the entire range of. This might be the true for their T, for systems in which van der Waals interactions domi-
system, considering the highé and smaller 7 range, nate. On the other hand, for poly-isopropylacrylamidgin
whereas it is not valid for all the systems of the present workyater, which involves much stronger hydrogen bonding in-
However, we also note that in the work of Karehal. = and  teractions and possesses a lower critical solution tempera-
M were coupled through the grafting process and thus coullire, Wu et al. observedR, /R, ,~0.15 when this system
not be varied independently. In addition, the ranger@fas  was heated to just a few degrees abdye®’
far more limited than in the present work. Therefore, we
believe their comparison does not constitute a rigorous tes§ g rface pressure
of this relationship. We note that the curves for the higher )
of the two copolymers in Fig. (@) differ most significantly ~1- Phase behavior
for <—0.10, beyond ther range in the study of Karim PDMS homopolymeifigure c) shows that the surface
et al. tension of the PDMS monolayer-covered surface increases
The magnitude of the contraction observed in the presennore rapidly with decreasing than that of the bare DOP
work can be compared to that reported by Kagtral?®and  surface. For low surface density, this results in negative pres-
Auroy etal?® and also to that reported for dilute free sure at the lowest temperatures. This is most clearly observed
chains?®®%8 |n the study of Karim etal. for M at PDMS concentration of 0.7 mg PDMS/mas shown in
=105 kg/mol chains ¥ =17 atT,) the layer height atr  the isotherm in Fig. &). The origin of a negative surface
=—0.09 is roughly 60%—70% of that &t,. For the highest pressure is the attraction among the PDMS molecules on the
surface densities in Fig.(d (2=7.6 and 10.7 aff,), we  surface. For a sufficiently poor solvent, this attraction ulti-
find hypms/hims 9~ 0.65—0.75 atr=—0.09. Thus, the magni- mately leads to a phase separation into polymer-rich and
tude of the contraction observed in the present data is corpolymer-poor regions, as observed for PDMS monolayers on

—_—
[+
=

8 T T T T

surface pressure (dyn/cm)

shown in Fig. 4e). To understand these widely differing
results, it must first be noted that the rangebffor the
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a0} § | FIG. 9. Phase diagram for the block copolymers on
o 40 . DOP. The data points indicate zero surface pressure
b o8 F 0.00 0.0 ;fc‘: 080 040 | (binoda) for the 20—-170(00) and 28—-330®) copoly-
[ mers. For the higher surface densities, the temperature
at which the pressure vanishes was determined by ex-
B i trapolating the data in Fig. 6. The inset compares the
0.7 data to the scaling form predicted by Szleifer al.
E (Refs. 2, 15, and 16 The lack of precise scaling may
be due to contributions of the surface PDMS blocks to
0.6 | 7 the phase behavior.
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water®® In that case, the surface pressure vanishes at legact that the monolayers cross into the metastable regime for
than monolayer coverage. In the present case, the gradu@lvery close toT, for the submerged PS blocks, rather than
nature of the decrease in the surface “solvent quality” withfor T well below T, as for free PS chains in DOP with
decreasing temperature apparently allows the PDMS monanolecular weights comparable to those of the present
layer to remain dispersed at temperatures below the binodadamples® The decrease in reflectivity with decreasificat
Baranowski has examined the surface pressure isotherms lofw o, shown in Fig. 7, is a dramatic indication of the meta-
PDMS monolayers on a poor solvent by numerical $SEF. stable nature of the system. The fact that a phase boundary is
Negative surface pressures for PDMS monolayers resulted atossed aw is decreased confirms that the present systems
low surface density. In those calculatiobsvas fixed so that are on the highr side of the phase diagram.
the system was not able to phase separate. A detailed study
of the entire phase diagram has not yet been performed for ) )
this case. 2. Residual pressure at highest o and lowest T

PDMS-PS diblock copolymersThe negative surface Finally, we return to an important question motivating
pressures observed for the PDMS-PS block copolymethis study. Can we infer something about the relative contri-
monolayers in Fig. &) are of greater absolute magnitude butions of enthalpic and entropichain configuration ef-
than was observed for PDMS monolayers. Attraction amondects in the free energy of interacting tethered layers by ex-
the molecules within the monolayer is again the origin ofamining theT dependence of the surface pressure bélg®
negative surface pressure. However, with the diblock copolyHere we focus on the higher monolayers, where positive
mers, attraction can occur among both the surface blocks amatessure is observed at all The positive pressure is due
the submerged blocks, which accounts for the greater effechearly entirely to the interaction of the submerged PS blocks,
As in the case of PDMS, slow cooling apparently allows thesince the PDMS blocks are at less than full monolayer cov-
block copolymers to remain dispersed in the metastable reerage(indicated by the relative positions of the isotherms in
gime[no evidence for a lateral phase transition was observe#ig. 8). To account for the small contribution of the PDMS
for the series in Figs.(@ and 8b)]. We have estimated the blocks, we define an excess surface pressald) as the
values ofT at which the surface tensions for the copolymer-difference in pressure for the PDMS-PS and PDMS mono-
covered surfaces equal those of the bare DOP surface. Thelsgers at a given PDMS surface concentration. We observe
points indicate the binodal in the phase diagram, and arthat the large decrease in layer height frors=0 to 7
plotted in Fig. 9. Clearly more data are needed to map the= —0.21 discussed earlier is accompanied by a surprisingly
entire phase diagram, but the two data points obtained fosmall decrease iAIl. This is shown in Fig. 10, in which the
each copolymer indicate that the presentalues are on the present data are shown along with thH isotherms for each
high o side of the critical point. Detailed isotherms and copolymer in good and theta solvents obtained
phase diagrams have been calculated by Szleifet. using  previously**“° At 0=0.73x10 * A2 for the 28—-330 co-
SCMF for both fixed and mobile tethering poidt$>*®For  polymer, for example, the fractional decrease in layer height
the latter case they determined a scaled form of the phadeom good to theta solvent conditions is comparable to that
diagram, including regions of metastability. The present dat@bserved in the present data from0 to 7=—0.21 ato
for the two copolymers are plotted according to this scaled=1.2x10"* A=2.% Yet as shown by the arrows in Fig.
form in the inset of Fig. 9. Precise scaling is not observed1Q(b), the decrease i\Il over thisT range is far smaller
The small discrepancy may be due to contributions of thehan the difference betweehll in good and theta solvent
surface PDMS blocks to the phase behavior. Moreover, coneonditions ato=0.73x 10" % A ~2. The molecular dynamics
tributions from the surface blocks may also account for thesimulations of Greét indicate a greater shift in the pressure
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8 T T dioctyl phthalate at temperatures ranging from 22-@6 °C
as a model system for tethered chains in poor solvent condi-
tions. The thickness of the tethered layers decrease continu-
ously with decreasing for most of theT range, but become
only weakly dependent ofi below —20 °C. At the lowesT,
. the layers are still swollen compared to the fully collapsed,
nonsolvent limit. The contraction is examined as a function
of both & and M. For the highest, the chains are strongly
overlapping afTl , but only weakly overlapping at the lowest
temperatures. Therefore, the decrease in layer height does
not follow the universal scaling predicted for the asymptotic
80 strong-stretching limit, but rather at the low&sthe behav-
ior approaches the scaling predicted for noninteracting
chains. The best-fit segmental concentration profile contains
a depletion layer at the air surface, which increases in mag-
nitude with decreasing.

The free energy of the layer and the lateral phase behav-
. ior are probed through surface tension measurements. The
surface tension of DOP with PDMS—-PS and PDMS mono-
layers increases with decreasifgnore strongly than that of
the bare DOP surface. Correspondingly, negative surface
pressures are observed at low coverages for both cases, indi-
1 cating metastability toward lateral phase separation. The ef-
fect is more pronounced for the block copolymers since at-
| tractive interactions can occur among the PDMS blocks on

surface pressure excess AIl (dyn/cm)

surface pressure excess AIT (dyn/cm)

15 20 the surface as well as among the PS blocks submerged in the
. 4.2 subphase. At low PDMS-PS coverages, a dispersed phase/
®) surface density o (10°" A™") condensed phase transition with decreadingas indicated

by a dramatic decrease in reflectivity. The fact that a phase
FIG. 10. Decrease in excess surface preséhfé) observed over the tem- boundary is crossed with decreasingindicates that the

perature range fromr=0 (H) to 7=—0.21 (CJ) compared to the\ll iso- . . " .
therms measured previously in go6@) (Ref. 39 and theta®) (Ref. 40 present systems are on the higtside of the critical point.

solvents for(a) the 20~170 copolymer an@) the 28—330 copolymer. The At high coverage, only a modest decrease in surface pressure
decrease inAIl over the presenT range is smaller than expected. This is observed over the presehtange, despite a large decrease

seems to suggest a nonequilibrium or pathway dependent effect. The arroyg |ayer height. From this result we infer that the pressure in
are discussed in the text. . -

the present Langmuir monolayer system is pathway depen-
dent, and thus that nonequilibrium effe¢tsich as distorted
chain configurationslikely account for a significant propor-

isotherm to highewr from theta to poor solvent conditions, .
gon of the elevated pressures observed in these systems.

than for good to theta solvent conditions. Therefore, the dat
in Fig. 10 strongly suggest that the surface pressure excess in
the present Langmuir monolayer system is pathway deperﬁCKNOW'—EDG'VIENTS
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